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B. ABSTRACT PAGE

ABSTRACT

Recent studies have reported a consistent pattern of strong dominance of a small subset
of tree species in Neotropical forests. These species have been called ‘hyperdominant’
at large geographical scales and ‘oligarchs’ at regional-landscape scales when being
abundant and frequent. Forest community assembly is shaped by environmental factors
and stochastic processes, but so far the contribution of oligarchic species to the variation
of community composition (i.e. beta diversity) remains poorly known. To that end, we
established 20 1-ha plots, i.e. 5 sites with 4 forest types (ridge, slope and ravine primary
forest, and secondary forest) per site, in humid lowland tropical forests of southwestern
Costa Rica to (1) investigate how community composition responds to differences in
topography, successional stage and distance between plots for different groups of
species (all, oligarch, common and rare/very rare species) and (2) identify oligarchic
species characterizing changes in community composition among forest types. From a
total of 485 species of trees, lianas and palms recorded in this study only 27 species (i.e.
6%) were nominated as oligarch species by contributing to 37 % of all recorded
individuals with a frequency above 50%. Plant community composition significantly
differed among forest types, thus contributing to beta diversity at the landscape-scale.
Oligarch species composition was explained by geographical and topographic variables,
allowing a confident characterization of the beta diversity among tropical lowland forest

stands.

RESUMEN

Association for Tropical Biology and Conservation



oNOYTULT D WN =

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

BIOTROPICA

Estudios recientes han demostrado la existencia un patron consistente de fuerte
dominancia de un pequefio subconjunto de especies arbdreas en los bosques
neotropicales. Estas especies han sido llamadas 'hiperdominantes' cuando son muy
abundantes y frecuentes a grandes escalas geograficas y 'oligarcas' a escalas de paisaje
regional. Aunque tanto los factores ambientales como los procesos estocasticos influyen
en el ensamblaje de la comunidad y la diversidad beta, es menos clara la contribucion de
las especies oligarquicas a la variacion de la composicion de la comunidad. Con ese fin,
establecimos 20 parcelas de 1 ha (5 sitios con 4 tipos de bosque por sitio) en bosques
tropicales himedos de tierras bajas del suroeste de Costa Rica. Los cuatro tipos de
bosque fueron: bosque primario de cima, ladera y ripario, y bosque secundario. Los
objetivos fueron: (1) Analizar cdmo la composicion de la comunidad responde a las
diferencias en la topografia, la etapa de sucesion y la distancia entre parcelas para los
diferentes grupos de especies (todas, oligarcas, especies comunes y raras / muy raras).
(2) Identificar las principales especies oligarquicas que mejor caracterizaron los
cambios en la composicion de la comunidad entre los tipos de bosques. De un total de
485 especies de arboles, lianas y palmas registradas en este estudio, solo 27 especies (es
decir, 5.94%) fueron consideradas como especies de oligarca al contribuir al 37.41% de
todos los individuos registrados y con una frecuencia> 50%. La composicion de la
comunidad de plantas difirio significativamente entre los tipos de bosques,
contribuyendo asi a la diversidad beta a escala de paisaje. Las especies oligarcas fueron
el mejor componente de la comunidad explicado por variables geograficas y
topograficas, permitiendo una caracterizacion confiable de la diversidad beta a lo largo

del paisaje

Association for Tropical Biology and Conservation
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HYPERDOMINANCE HAS RECENTLY EMERGED AS A KEY CONCEPT IN THE STUDY OF
TREE DIVERSITY AND FUNCTIONING IN TROPICAL ECOSYSTEMS (ter Steege et al. 2013,
Fauset et al. 2015). Ter Steege et al. 2013 defined hyperdominant species as those
accounting for half of all individuals inferred at the scale of the tree communities of the
Amazon basin. The concept of hyperdominance has its roots in a seminal paper of
Pitman et al. (2001), which reported a consistent pattern of dominance by a relatively
small but abundant set of tree and palm species, called ‘oligarchs’, in the upland tropical
forests of eastern Ecuador and southern Peru. Since then, evidence has accumulated
reinforcing the existence of a generalized pattern of oligarchic dominance in tropical
forest, especially in the Neotropics (Svenning et al. 2004, Vormisto et al. 2004, Macia
and Svenning 2005, Williams et al. 2010, 2017, Macia 2011, Arellano et al. 2014, 2016;
see Pitman et al. 2013 for a detailed review). Whereas ‘oligarch’ refers to abundant and
frequent species at regional-landscape level, ‘hyperdominant’ defines species very
abundant and frequent at large geographical scales (e.g. the Amazon basin). Practical
implications of the so-called oligarchic dominance would drastically simplify model
parameterization of trophic interactions and critical ecosystem services as water, carbon
and nutrient cycling (ter Steege et al. 2013). In fact, Fauset et al. (2015) found that
dominance of forest function was even more concentrated in a few species than
dominance of tree abundance, with half of the carbon stock and half of woody
productivity controlled by only ~1% of hyperdominant tree species throughout the

Amazon basin.

Whereas studies to date have mainly focused on the effects of oligarch
dominance on alpha diversity, less is known of how oligarchic dominance impacts beta
diversity. Beta diversity can be defined as the variation in community composition

among a set of sites within a given spatial or temporal extent (Whittaker 1960,

Association for Tropical Biology and Conservation
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Anderson et al. 2011). Beta diversity of oligarch communities in tropical forests can be
explained by three main hypotheses: (1) Species composition is uniform over large
areas, as individuals of all species are able to grow equally well at all sites but
differences in abundance are shaped by biological interactions independent of
environmental conditions. The best competitors become dominant whereas less good
competitors remain rare at all sites (Legendre et al. 2005, Tuomisto and Ruokolainen
2006; but see Pitman et al. 2013). As a result, beta diversity will be generally small as
the same oligarchic species dominate at landscape level. (2) Species composition
fluctuates in a random, autocorrelated way. This hypothesis derives from the neutral
diversity model (Hubbell 2001), where individuals of all species are able to grow
equally well and all species are competitively equal, but with limited propagule
dispersion that spatially structures community composition (Legendre et al. 2005,
Tuomisto and Ruokolainen 2006). So, different sets of dominant species will appear at
local scales and beta diversity will intrinsically increase with geographical distance.
Finally, (3) oligarchies are mainly structured by the same niche mechanisms that
generate spatial heterogeneity in tree species composition and abundance (Pitman et al.
2013). Oligarch species usually show broader environmental tolerances than less
common ones (Brown 1984, Phillips et al 2003, Slatyer et al. 2013, Arellano et al.
2014), but they are not necessarily indifferent to environmental heterogeneity, showing
higher abundances in the most favorable habitats (ter Steege et al. 2013). In this case,
beta diversity will increase with environmental heterogeneity, but this increase is
mainly driven by differences in oligarchic abundance and not by turnover in species

identity.

However, dispersal limitation and niche mechanisms are not mutually exclusive;

both structure forest communities and are responsible for patterns of beta diversity

Association for Tropical Biology and Conservation
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across the landscape (Legendre et al. 2009, Caceres et al. 2012, Qiao et al. 2015). On
one hand, propagule limited dispersion and successful recruitment close to conspecifics
produce clustered distributions of populations and contribute to community similarity
and characterization of oligarch patterns at local scales (Céceres et al. 2012, Chain-
Guadarrama et al. 2012). On the other hand, niche differentiation and environmental
gradients e.g. along soil moisture and nutrient availability, slope, and microclimatic
factors determine competitive abilities and dominance hierarchies, structuring oligarch
communities in space (Sesnie et al. 2009, Caceres et al. 2012, Pitman et al. 2013,
Arellano et al. 2014, 2016, Prada and Stevenson 2016). Whereas most of the studies
have shown than both mechanisms contribute to changes in community composition
(Condit et al. 2002, Vormisto et al. 2004, Legendre et al 2009, Baldeck et al. 2012,
Caceres et al. 2012, Chain-Guadarrama et al. 2012, Prada and Stevenson 2016), more
work is needed to understand how variation in geographical scale affects the

partitioning of beta diversity.

We set up our experiment in wet tropical lowland forests in the Golfo Dulce
region, southwestern Costa Rica. This region is considered one of the most diverse areas
in the country in terms of vascular plants (Zamora et al. 2004, Weissenhofer et al. 2011,
Cornejo et al. 2012) and represents the last remaining large tract of lowland rainforest
along the Pacific shore of Central America (Gilbert et al. 2016). The complex
geological history of the Golfo Dulce region has generated a rich mosaic of landforms
(Bagley and Johnson 2014), where forests have been modified by natural and human
actions (Weissenhofer and Huber 2001, Gilbert et al. 2016), with ~10% of the Golfo
Dulce region covered by secondary regrowth (Weissenhofer et al. 2008). Therefore, we
investigated differences in plant community composition across forest types differing in

topography and successional stage. Topography is not a direct environmental variable,

Association for Tropical Biology and Conservation
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but a proxy that reflects the variation in soil moisture and microclimatic conditions
(Legendre et al. 2009, Céceres et al. 2009), and thus topographic features are often
found to correlate with species distribution patterns (Whittaker 1956, Harms et al.
2001). Here, we investigate the following objectives. (1) To analyze how floristic
community composition responds to differences in topography, successional stage and
spatial distance between plots for the different groups of species. Our hypothesis is that
variation within different groups (all, oligarch, common and rare/very rare species) is
explained by the same factors than overall species richness, thus oligarchic species
represent a subset of the community shaping patterns of beta diversity among tropical
tree communities. (2) To identify oligarchic species suitable to characterize shifts in
community composition between forest types. As oligarchic are, by definition, frequent
in most of the sites, we hypothesized that variation in beta diversity is mostly driven by

changes in abundance between forest types for this subset of species.

METHODS

STUDY AREA. The study region was located in the Golfo Dulce region, encompassing
the Osa Peninsula and the adjacent Piedras Blancas National Park, in Central America,
Costa Rica (Fig. 1). Main life zones in the region are tropical wet forests, tropical moist
forests and tropical premontane wet forests (Holdridge 1967). Altitude on the Osa
Peninsula ranges from sea level to 745 meters asl on Cerro Rincon. The geomorphology
in the area is complex, ranging from alluvial sediment plains to rugged uplands
produced by tectonic activity with narrow ridges and long steep slopes (Weissenhofer
and Huber 2001, Gilbert el at. 2016). The region is dominated by basalt, cherts and
limestone lithologies, with inceptisols, ultisols and mollisols as the most abundant soils

at the study sites (Alvarado and Mata 2016, Gilbert el al. 2016). Annual precipitation

Association for Tropical Biology and Conservation
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varies between 4000-6000 mm per year. Precipitation shows seasonal variation, with a
rainy season from May to December, and four months of reduced precipitation from
January to March. Mean annual temperature ranges between 26-27°C (Weissenhofer et

al. 2008).

PLOT ESTABLISHMENT AND DATA COLLECTION. We selected five sites (La Gamba,
Riyito, Agua Buena, Rancho Quemado and Piro) across the study region where in close
proximity we could identify each of the four target forest types (Fig. 1). The four forest
types were based on physiographic and successional criteria established by previous
studies (Clark and Clark 2000, Weissenhofer et al. 2001): ridge primary forest, slope
primary forest, ravine primary forest and secondary forest. Ridge plots were established
in primary forest growing on the relatively flat and well-drained hilltops (300-400 m
altitude), exposed to the action of wind and rain. Slope plots were established in
primary forest growing on steep and well-drained slopes. Ravine plots were established
in primary forest along streams and adjacent terraces on the bottom of steep slopes.
Secondary forest plots were established in previous cleared areas abandoned 25-40
years ago according to owners, commonly on moderate to gentle slopes. Secondary
forests were situated in accessible topographic positions and had no correspondence in
topography with the other forest types. However, secondary forests were included in
this study due to their importance in the Golfo Dulce region, where it covers around
10% of the landscape (Weissenhofer et al. 2008). In each forest type per location one
permanent forest plot was established. Plots were of 1-ha size, and where subdivided in
100 subplots of 10x10 m following the standards of Alder and Synnott (1992). Plot
shape was adapted to the physiography of the terrain, ranging from regular (100x100 m)

to irregular shapes, especially in the case of the ravine where the subplots were situated

Association for Tropical Biology and Conservation



Page 11 of 53

oNOYTULT D WN =

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

BIOTROPICA

along the small streams and adjacent terraces. For further information please visit

http://www.univie.ac.at/bdef/php/approach/.

We recorded and tagged all individuals comprising trees, palms and lianas with a
diameter at breast height (dbh) > 10 cm, that were mapped in a X- and Y-coordinates
system for each plot. Plant samples were collected for taxonomic identification and
were deposited at the Herbarium of the University of Costa Rica (USJ). Taxonomic
names follow those accepted in the Tropicos data base of the Missouri Botanical Garden

(WWW.tropicos.org).

Oligarch species were defined in terms of abundance and frequency (Pitman et
2001, Macia and Svenning 2005, Arellano et al. 2014) as the dominant ones that
contributed to the accumulated 50 percent of all individuals encountered in all plots
together (ter Steege et al. 2013), and were present in at least half (50%) of the plots (=10
plots). Excluding oligarch ones, common species were defined with a threshold density
> 1 individual/ha (Pitman et al. 2001) and with a frequency > 25 percent of the plots (=5
plots). Rare species were defined as those with mean densities < 1 individual per ha
and/or frequency less than 25 percent of the plots. Those with only one individual

sampled were defined as very rare species.

STATISTICAL ANALYSIS. Canonical Analysis of Principal Coordinates (CAP) was used to
calculate the centroids of each forest type in the ordination space with all the species
(Anderson and Willis 2003). CAP performs a constrained ordination analysis in two
steps: (1) Computes a Principal Coordinate Analysis (PCO) of the matrix of the
abundance data (which was previously transformed using Hellinger transformation) and

using Bray-Curtis as dissimilarity distance (Anderson and Willis 2003, Borcard et al.

10
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2018). Use of Bray-Curtis has been debated due to their sensitivity to density invariance
(Jost et al. 2011), but we did not identify any significant differences in density within
our plots, so we retained using this distance to analyze dissimilarity (Legendre and De
Céaceres 2013). (2) Runs a Redundancy Analysis (RDA) of the PCO created above
(which act as the response data) constrained by ‘forest type’ as explanatory variable
(Anderson and Willis 2003, Oksanen et al. 2017, Borcard et al. 2018). For the CAP
analysis, we used the function capscale of the vegan library under the R environment (R
Development Core Team 2013); capscale uses all axes with positive eigenvalues, and
axes are weighted by corresponding eigenvalues, so that the ordination distances are the
best approximations of original dissimilarities (Oksanen et al. 2017, Borcard et al.
2018). This implementation makes CAP comparable to Distance-Based Redundancy
Analysis (db-RDA; Oksanen et al. 2017, Borcard et al. 2018). Additionally,
Permutational Multivariate Analyses of Variance or PERMANOV As were used to
quantify differences in community dissimilarity between forest types (Anderson 2001).
PERMANOVA analysis tests the null hypothesis that the centroids of the four forest
types, as defined in the space by the abundance of trees, palms and lianas, are equivalent
for all forest types (Anderson and Walsh 2013). Thus, if null hypothesis were true, any
observed differences among the centroids will be similar in size to what would be
obtained under random allocation of individual sample units (plots) to the forest types
(Anderson 2001, Anderson and Walsh 2013). A similarity percentage analysis,
SIMPER, was used to decompose the Bray-Curtis dissimilarity and to estimate the
contribution in percentage of each species to the average overall dissimilarity (Clarke
1993). PERMANOVA and SIMPER were performed using the software PRIMER v7

(Clarke and Goley 2015).

11

Association for Tropical Biology and Conservation



Page 13 of 53

oNOYTULT D WN =

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

BIOTROPICA

A variation partitioning analysis was performed to examine the contribution of
forest types and geographic distance among the plots to community composition
(Bocard et al. 1992; Legendre et al. 2009). A redundancy analysis (RDA) was
performed to determine the proportion of compositional variation explained by forest
types and geographical coordinates. To elucidate the effect of topography among the
three primary forests, we repeated the variation partitioning analyses, first including all
forest types and second excluding secondary forests. Significance of each fraction was
based on 999 random permutations. Variation partitioning was analyzed with the

varpart library under the R environment (R Development Core Team 2013).

To estimate the contribution of the oligarch species on total beta diversity, we
used the profile of order ¢ (Dq) (Jost 2006), which is the number of equally-weighted
communities, which had no species in common that would yield the observed beta
diversity (Marcon and Hérault 2016). The order ¢ of diversity indicates the sensitivity
of the community diversity to common and rare species by modifying how the weighted
mean of the species proportional abundances is calculated (Jost 2006). All values of ¢
less than unity give diversities that disproportionately favor rare species, while all
values of ¢ greater than unity disproportionately favor the most common species (Jost
2006, 2007). For g=1, all species are weighed by their abundance, without favoring
common or rare species (Jost 2006, 2007). For estimation of the beta diversity profile,
we applied the entropart library (Marco and Hérault 2016) using the R environment (R

Development Core Team 2013).

Differences in density and species richness between forest types were tested
using one-way ANOVAs with site as block variable after testing for data normality. For
ANOVA analyses, we used the stats library under the R environment (R Development

Core Team 2013).

12
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RESULTS

A total of 11,514 live trees were censured and measured. The 86.91 and 96.06 percent
of all individuals were identified at the species and genera level, respectively. A
significant part of trees (1.66%) identified at genus, but not at species level, belonged to
the diversified Inga and Pouteria genera. We found a total of 485 valid species, 280
genera, and 77 families of trees with dbh > 10 cm. Mean tree density was 575.65+ 20.09
trees/ha (mean+ standard error), with no significant differences between sites and forest
types. Mean richness was 96.3+ 6.0 species/ha (mean+ se), and varied significantly
between forest types (df= 3, F= 13.64, p= 0.0004) and sites (blocks; df=4, F=21.72, p<
0.0001); with the highest richness in slope and ridge primary forests (110.2+ 12.0 and
103.6+ 13.6 species/ha, respectively) and the lowest in secondary forests (73.0+ 9.9
species/ha). No significant differences in mean richness were found between primary

forests.

Considering the 20 plots, only 27 species, i.e. 5.57 percent of all species, were
classified as oligarch species. These oligarch species contributed in 37.41 percent of all
individuals. 3.7 percent of species are distributed pantropical, 48.1 percent are
widespread in tropical America, 33.3 percent are distributed in Mesoamerica and NW of
South America, 7.4 percent are restricted to Mesoamerica, and 7.4 percent are endemics
of Costa Rica and Panama (Table 1). In the primary forests, a subset of these oligarch
species accounted for 31.3-40.6 percent of local abundance, whereas in the secondary
forests only 8 oligarch species were locally dominant with 22.0 percent of abundance
(Fig. 2). In the sampled sites, the oligarchs with local dominance showed certain
variation ranking between 23.6 and 42.8 percent of abundance (Fig. 2). Local dominant

species that were not ranked as regional oligarch species contributed to 7.8-26.5 percent

13
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and 9.7-28.0 percent of the abundance across sites and forest types, respectively (Fig 2).
The most abundant species was the palm Iriartea deltoidea (6.97% of all individuals,
Table 1 and S2), which was absent at the Piro site, but attained both the highest mean
and maximum of abundance (Table 1). The oligarch Brosimum guianense, was the
unique species that appeared in all the 20 plots. On the other hand, 80.1 percent of the
species (392 species) showed a mean density lower than 1 tree/ha and/or a frequency
less than 25 percent, with 98 species only represented by one individual in all the 20
plots (very rare species). These rare and very rare species contributed to =45 percent of
the total abundance in each forest type (45.9-47.5%; Fig. 2A) or site (41.2-46.9%; Fig

2B).

The Arecaceae family, with 2 oligarch and 3 common species, was the most
important component of abundance in our study area (11.07% of all individuals),
followed by the Moraceae and the Myristicaceae (Table 2). The Myristicaceae, with 5
oligarchs of a total of 8 species was the family with greater proportion of oligarch
species. The most diversified family in terms of number of genera and species was the
Fabaceae (ranked in the fifth position), showing no oligarch species, but eight common

ones.

The dissimilarities between the centroids of the four forest types with all species
are shown in the CAP graph, where the two first axes explained 82.6 percent of the
variation (Figure 3). PERMANOVA test confirmed statistically significant differences
between forest types when all species where considered (df= 16, Pseudo-F= 1.8701, p=
0.003, n° of permutations= 998). When pairwise tests with oligarch species were
performed, secondary and ridge forest where the most dissimilar, with mean
dissimilarities of 49.8 and 47.64% with the other forest types, respectively (Table 3, Fig

3). For all the species groups, ridge forest showed significant differences with ravine

14
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and secondary forest in community composition. Secondary forest also showed
significant differences with slope forest (Table 3). Diversity profile showed that beta
diversity increased with order ¢ for oligarch species (Fig. 4). For a diversity of order
zero (g=0), only absence/presence of oligarchic species is considered, and mean beta
diversity was barely apparent among plots. Beta diversity increased as the weight

towards the most abundant was higher, and it started to stabilize around q=2 (Fig. 4).

Variation partitioning analysis showed that both spatial distance (geographical
coordinates) and forest types explained significant differences in community
composition within forest stands when all, oligarch and common species were selected
(Table 4). When all forest types were considered, spatial and forest types had similar
weights in explaining community composition (Table 4). However, when only primary
forests were considered, spatial distance contributed with most of the explained
variation for all species groups, except for oligarch species, where forest type
contribution barely changed. Oligarch species was the component of community
composition that best responded to spatial and forest type variables, with 42-43% of the
explained variation. Overall, the shared explained variation, the environmentally
explained variation that is spatially structured, was between 12-16% of the total

explained variation (Table 4).

When oligarch species were used to identify the composition of ridge forests
characteristic species were Compsoneura excelsa, Symphonia globulifera, Tapirira
guianensis, Vochysia ferruginea and Pourouma bicolor (Tables S1 and S2), whereas in
ravine forest Otoba novogranatensis, Chimarrhis parviflora, Pleuranthodendron
lindenii and Tetrathylacium macrophyllum were the characteristic oligarch tree species
(Tables S1 and S2). Although Iriartea deltoidea was a common species in all forest

types, it showed especially high abundance in the slope forest (Table S2). In fact, slope
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showed low dissimilarity with both ridge and ravine forests (Fig. 3, Table 2) sharing
high abundances of oligarch tree species as C. excelsa, S. globulifera, O.
novogranatensis, T. macrophyllum, C. parviflora, and Sorocea pubivena, in addition to
1 deltoidea. On the other hand, secondary forests were characterized by a lower number
of oligarch species, such as Apeiba tibourbou, Castilla tunu, and Tetrathylacium

macrophyllum (Table S1 and S2).

DISCUSSION

BETA DIVERSITY AND DIFFERENTIATION OF COMMUNITY COMPOSITION. In tropical
forests, changes in diversity of species assemblages across space have been explained
by two main mechanisms that spatially structure tree species composition: a) the
species-specific response to variation in environmental conditions across gradients or
mosaics, and b) the dispersion limitation of propagules over short distances (Harms et
al. 2001, Legendre et al. 2005, 2009, Tuomisto and Ruokolainen 2006). Although both
mechanisms are not mutually exclusive, their relative contribution varies with spatial
extent (Caceres et al. 2012). At very local scales, neutral processes dominate
community composition due to seed dispersal limitation leading to clumped structure of
populations, whereas environmental factors linked to topographic and edaphic variation
are more relevant with increasing plot size (Legendre et al. 2009, Céceres et al. 2012).
However, at landscape level, some studies have shown that geographical distance is the
most important factor explaining composition dissimilarity due to dispersion constrains
(Condit et al. 2002, Svenning et al. 2004, Duque et al. 2009, Chain-Guadarrama et al.
2012), whereas other studies have shown that this relationship loses significance when
environmental factors are included (Sesnie et al 2009, Lopez-Martinez et al. 2013,

Prada and Stevenson 2006). Our results show that both spatial distance and
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Association for Tropical Biology and Conservation



oNOYTULT D WN =

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

BIOTROPICA

environmental variation explain similar amounts of variation among tropical lowland
forest types (Table 4). When secondary forests are excluded from analyses, forest type
loses importance in explaining the variation in the dataset, highlighting the effect of
successional status on forest species composition. However, oligarchic species were not
affected by successional status and moreover showed the highest variation explained
(42-44% of total variation) in species composition among forest types, in response to
both spatial and environmental variables, associated with topography. Topography is
considered an indirect environmental variable, summarizing the observed match
between species distribution and some environmental variables, as topographic features
are correlated with soil drainage, water availability, soil depth and nutrient availability,
among others (Legendre et al. 2009, Caceres et al. 2012). Part of the residual variation
is likely explained by environmental variables not assessed by our work, for instance
soil variables not related with topography (Chain-Guadarrama et al. 2012, Baldeck et al.
2013, Quiao et al. 2015, Prada and Stevenson 2016). Among primary forests, the
greatest difference in community composition was between ridge and ravine forests
(Clark et al. 1998, Harms et al. 2001, Weissenhofer et al. 2001, Baldeck et al. 2013,
Prada and Stevenson 2016). Slope forests represent a gradual change in community
composition from more exposed hill-tops on ridges to the bottom of the stream terraces,
and thus showed some similarities in species composition with both ridge and ravine

forests.

Oligarch species have been reported to have relatively wider niche breadth than
common species (Arellano et al. 2014), and in our study were present in most of the
plots (64% of oligarchic are present in at least 75% of all the plots), so differences in
floristic composition among forest types were mainly attributed to differences in
oligarchic abundance, rather than species identity (Figure 4). Wider niche breath does
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not mean that oligarchic species can be defined as habitat-generalists, conversely many
of them can be considered as species with strong preferences for one or two types of
habitats where they attain the highest abundances (Clark et al. 1998, Pitman et al. 1999,
2013, Legendre et al. 2009, Baldeck et al. 2013, ter Steege et al. 2013, Prada and
Stevenson 2016). Only a few oligarch species, like Brosimum guianense, Virola
koschnyi or V. surinamensis, appeared as generalist species that barely contributed to
the differentiation between the forest types (Table S1), and attained regionally high
abundances with relatively local low densities in primary forests (Table 1). Conducting
taxonomic complete (or almost complete) inventories in tropical forest ecosystems is a
highly laborious and arduous task due to technical (climbing to get adequate plant
samples) and taxonomic (uncomplete or partial knowledge of the tropical flora)
problems (Gentry 1988, Balakrishnan 2005, ter Steege et al. 2013). Oligarchic species
are likely less susceptible to misidentification issues due to greater abundance (ter
Steege et al. 2013), allowing more confident characterization of beta diversity along

environmental gradients (Arellano et al. 2016).

All groups of species investigated allowed discrimination of secondary from
ridge and slope forests. Gradual change from pioneer to late-successional species is the
most obvious explanation of differences in community composition, as secondary
forests showed many oligarchic (Apeiba tibourbou, Castilla tunu and Cecropia
insignis), common (e.g. Goethalsia meiantha, Hieronyma alchorneoides, Alchornea
costaricensis) and rare (e.g. Hampea appendiculate, Margaritaria nobilis) species with
the typical pioneer habit (Clark and Clark 2001, Guariguata et al. 1997, Vandermeer et
al. 1997, Wood et al., 2001, Healey and Gara 2003, Pefia-Claros 2003, Gilman et al.
2016, McClellan et al. 2018). In contrast, secondary and ravine forests showed low
dissimilarity in oligarch species composition. Although differences were not strictly
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significant, common species were better suited to differentiate secondary and ravine
forests, due to the high abundance of pioneer species in secondary forest, such as
Alchornea costaricensis, Goethalsia meiantha, Guatteria chiriquiensis, Hieronyma
alchorneoides and Spondias radlkoferi (Table S1; Lieberman et al. 1985, Vandermeer et
al. 1997, Wood et al., 2001, Healey and Gara 2003, Pefia-Claros 2003, Gilman et al.

2016).

Previous studies have shown that low beta diversity characterizes tree
communities across habitats in tropical forests, as the most abundant species are usually
present in most of habitats (Pitman et al. 2001, Condit et al. 2002, Duque et al. 2003;
but see Voormisto et al. 2000). However, as differences between forest types were more
linked to variation in abundance and not in composition of oligarch species; changes in
beta diversity therefore increased markedly with order of diversity. The diversity of
order zero (¢=0), better known as species richness, is completely insensitive to species
abundances as only frequency is considered (Jost 2006, 2007), and changes in
community structure were therefore barely apparent among forest types, as oligarchic
species are present in the four forest types. However, focusing on oligarchic species
when analyzing species diversity along gradients of increasing species dominances (Jost
2006, 2007), such as in hyperdiverse tropical forests, greatly improved to reveal shifts

in beta diversity among tropical lowland forest types.

CHARACTERIZATION OF FOREST TYPES WITH OLIGARCH SPECIES. Slope and ravine
showed the lowest dissimilarity of all the forests, due to the dominance of the two most
abundant species that also most contributed to the differentiation from the ridge forest:
Iriartea deltoidaea and Otoba novogranatensis. The palm I. deltoidea is also one of the
most abundant plant species in the Neotropics (Pitman et al. 2001, Ruokolainen and

Vormisto 2000, ter Steege 2013, Arellano et al. 2014). This species is ubiquitous in the
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sub-canopy domain, found across many soils and forest types (Clark et al. 1995,
Ruokolainen and Vormisto 2000), but is negatively affected by flooding in poorly
drained habitats (Losos 1995). Although being considered a late successional species
(Guariguata et al. 1997), I. deltoidea is also found in secondary forests (Losos 1995).
Although I. deltoidea was common in all our forest types (Table S2), it was especially
abundant in the steep slope and ravine plots, as demonstrated in another study in the
same region (Huber 2005). Stilt roots in palms such as 1. deltoidea have shown to allow
rapid height growth without loss of stability on steep slopes, allowing the early
exploitation of light gaps (Dransfield 1978, Hartshorn 1983, Swaine 1983, Avalos et al.
2005), a factor that limits /. deltoidea abundance during ontogeny (Svenning 1999). On
the other hand, O. novogranatensis is associated to moist but well-drained soils in low
altitude locations (Lieberman et al. 1985). Although O. novogranatensis is considered a
late successional mid-canopy tree (Cole at al. 2011), it was relatively common in almost
all our secondary plots, and it was shown that the large-seeded tree O. novogranatesis

can be successfully introduced into early stages of succession (Cole et al. 2011).

The oligarchs Compsoneura excelsa and Symphonia globulifera, that are
common in both ridge and slope forests with moderate to high densities, exemplify
contrasting life-history traits and biogeographic patterns. C. excelsa, a mid-canopy tree
(up to 25 m height in our study sites) with unknown ecology, is an endemic species
restricted to the very humid forests of Costa Rica and west Panama (Jiménez 2007,
Cornejo et al. 2012). S. globulifera, in contrast, has an exceptionally large geographic
distribution from Mexico to Brazil and also presents in tropical West Africa. It shows a
plastic ecology, from swampy habitats (Scarano et al. 1997, van Andel 2003) to flat
plateaus in well-drained habitats (Hartshorn 1983, Carneiro et al. 2007), which has led
some authors to suggest that what is treated as a single species may in fact be at least
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two species distinguished by morphological and ecological features (Loubry 1994). In
our plots S. globulifera is a tree of the upper canopy (up to 46 m height), which
contrasts with data from other studies where it was usually considered a sub-canopy tree
(Hammel 1986, Gill 1998; but see Hartshorn 1983). Nonetheless, only a few oligarch
species contributed to the differentiation of the community composition of the ridge
plots as Vochysia ferruginea and Pourouma bicolor. V. ferruginea showed high
abundance on ridges in other studies in the Golfo Dulce region (Huber 2003), and
interestingly was also an abundant species recorded in secondary forests (Guariguata et
al. 1997, Letcher and Chazdon 2009; Wood et al. 2011), as was also corroborated by
our study. Snapping due to wind exposure and clumps of standing dead trees after
lighting storms are very common disturbances on ridges (Gale 2000, Weissenhofer
2005), likely creating recruitment opportunities for V. ferruginea. Hence, studies
reporting fast-growth of saplings after hurricane damage suggest that V. ferruginea can
rapidly grow into canopy gaps via a gap-mode of regeneration (Vandermeer et al.

1997).

Secondary forests showed the lowest species richness, as is common in tropical
forests (Guariguata et al. 1997, Pefia-Claros 2003), with stem abundance strongly
dominated by typical pioneer tree species such as Goethalsia meiantha, Apeiba
tibourbou, Castilla tunu, Hieronyma alchorneoides, Alchornea costaricensis, Spondias
radlkoferi and Cecropia insignis (Vandermeer et al. 1997, Wood et al., 2001, Healey
and Gara 2003, Pefia-Claros 2003, Gilman et al. 2016, McClellan et al. 2018), and low
abundance of palm species (Guariguata et al. 1997). Only three species are so frequent
to be considered as oligarch: Apeiba tibourbou, Castilla tunu and Cecropia insignis.
These species usually are present in the tree inventories of secondary but also in primary
forests (Oliveira-Filho et al. 1998, Clark and Clark 2001, Li et al. 2017), with juvenile
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stages associated with canopy gaps (Clark and Clark 2001). Only some tree species
characteristic of primary forest such as Tetrathylacium macrophyllum, Carapa
nicaraguensis and Otoba novogranatensis were able to recruit in significant numbers in

these secondary forests (Webb 1999, Cole et al. 2011).

CoNCLUSIONS. Tropical tree and palm species responded to topographic variation
among tropical lowland forest stands, thus being characterized by variation in beta
diversity across the landscape. Although, secondary forest species composition was
reflected by common species, dissimilarity among tropical primary forest types was best
captured by differences in oligarch species composition. As many different oligarch
species were present in respective forest habitat type, the ability to discriminate
differences in community structure improved when the order of diversity increased
highlighting the importance of species abundance to classify habitats and explore
gradients in beta diversity. The ubiquity of oligarchic patterns in neotropical plant
communities has led to the emerging and powerful concept of hyperdominance to study
and model important ecosystem functions, such as carbon storage and productivity,
nutrient cycling and trophic interactions by focusing on a subset of species (ter Steege et
al. 2013, Fauset et al. 2015). Our results corroborate the utility of the hyperdominance
concept and extend the concept to the analysis of beta diversity allowing for

characterization of hyperdiverse forest communities across tropical landscapes.

ACKNOWLEDGMENTS.

This work was funded by the Austrian Federal Ministry of Science and Research

(BMWF-4.409/30-11/4/2009). Diego Céspedez, Guillem Crespo, Javier Garcia,

22

Association for Tropical Biology and Conservation



oNOYTULT D WN =

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

BIOTROPICA

Alejandro Jiménez, Bolivar Marin, Alvaro Picado and Arlet Quirds kindly assisted in
the field sampling. We are grateful to James Dalling and two anonymous reviewers for

their helpful comments.

DATA AVAILABILITY STATEMENT

The data used in this study are archived at the Dryad Digital Repository (pending

acceptance)

LITERATURE CITED

ALDER, D., AND T. J. SYNNOTT. 1992. Permanent sample plot techniques for mixed

tropical forest. Oxford University Press, Oxford, UK.

ALVARADO, A., AND R. MATA. 2016. Soils of Costa Rica: An Agroecological Approach.
In M. Kappelle (Ed.), Costa Rican Ecosystems, pp. 64-93. University of Chicago Press,

Chicago.

ANDERSON, M. J. 2001. A new method for non-parametric multivariate analysis of

variance. Austral Ecol. 26: 32-46.

ANDERSON, M. J., AND T. J. WILLIS. 2003. Canonical analysis of principal coordinates:

A useful method of constrained ordination for ecology. Ecology 84: 511-525.

ANDERSON, M. J., T. O. CRiIST, J. M. CHASE, M. VELLEND, B. D. INOUYE, A. L.
FREESTONE, N. J. SANDERS, H. V. CORNELL, L. S. COMITA, K. F. DAVIES, S. P.

HARRISON, N. J. B. KRAFT, J. C. STEGEN, AND N. G. SWENSON. 2011. Navigating the

23

Association for Tropical Biology and Conservation

Page 24 of 53



Page 25 of 53

oNOYTULT D WN =

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

BIOTROPICA

multiple meanings of beta diversity: a road map for the practicing ecologist. Ecol. Lett.

14: 19-28.

ANDERSON M. J., AND D. C. 1. WALSH. 2013. PERMANOVA, ANOSIM, and the Mantel
test in the face of heterogeneous dispersions: What null hypothesis are you testing?

Ecol. Monograph. 83: 557-574.

ARELLANO, G., V. CALA AND M.J. MACIA. 2014. Niche breadth of oligarchic species in

Amazonian and Andean rain forests. J. Veg. Sci. 25: 1355-1366.

ARELLANO, G. P. M. JORGENSEN, A. F. FUENTES, M. I. LozA, V. TORREZ, AND M. J.
MACIA. 2016. Oligarchic patterns in tropical forests: role of the spatial extent,

environmental heterogeneity and diversity. J. Biogeogr. 43:616—626.

AVALOS, G., D. SALAZAR, AND A. L. ARAYA. 2005. Stilt root structure in the neotropical

palms [riartea deltoidea and Socratea exorrhiza. Biotropica 37: 44-53.

BAGLEY, J. C., ANDJ. B. JOHNSON. 2014. Phylogeography and biogeography of the
lower Central American Neotropics: diversification between two continents and

between two seas. Biol. Rev. 89: 767-790.

BALAKRIHNAN, R. 2015. Species concepts, species boundaries and species

identification: a view from the tropics. Syst. Biol. 54: 689-693.

BALDECK, C. A., K. E. HARMS, J. B. YAVITT, R. JOHN, B. L. TURNER, R. VALENCIA, H.
NAVARRETE, S. J. DAVIES, G. B. CHUYONG, D. KENFACK, D. W. THOMAS, S.
MADAWALA, N. GUNATILLEKE, S. GUNATILLEKE, S. BUNYAVEJCHEWIN, S.
KIRATIPRAYOON, A. YAACOB, M. N. N. SUPARDI, AND J. W. DALLING. 2013. Soil
resources and topography shape local tree community structure in tropical forests. Proc.

R. Soc. B 280: 20122532.

24

Association for Tropical Biology and Conservation



oNOYTULT D WN =

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

BIOTROPICA Page 26 of 53

BORCARD D., F. GILLET AND P. LEGENDRE. 2018. Numerical Ecology with R. Springer

International Publishing, 435 pp.

BROWN, J.H. 1984. On the relationship between abundance and distribution of species.

Am Nat. 124: 255-296.

CLARK, D. A., D. B. CLARK, R. M. SANDOVAL, AND M. V. C. CASTRO. 1995. Edaphic
and human effects on landscape-scale distributions of tropical rain forests palms.

Ecology 76: 2581-2594.

CLARK, D. B., D. A. CLARK, AND J. M. REID. 1998. Edaphic variation and the mesoscale

distribution of tree species in a neotropical rain forest. J. Ecol. 86: 101-112.

CLARK, D. B., AND D. A. CLARK. 2000. Landscape-scale variation in forest structure and

biomass in a tropical rain forest. For. Ecol. Manag. 137: 185-198.

CLARK, D. B., AND D. A. CLARK. 2001. Getting to the canopy? Tree height growth in a

neotropical rain forest. Ecology 82: 1460-1472.

CLARKE, K. R., M. G. CHAPMAN, P. J. SOMERFIELD, AND H. R. NEEDHAM. 2006.
Dispersion-based weighting of species counts in assemblage analyses. Mar. Ecol. Prog.

Ser. 320: 11-27.

CLARKE, K. P., AND R. N. GORLEY. 2015. PRIMER v7: User Manual/Tutorial.

PRIMER-E: Plymouth.

CHAIN-GUADARRAMA, A., B. FINEGAN, S. VILCHEZ, AND F. CASANOVES. 2012.
Determinants of rainforest floristic variation on an altitudinal gradient in southern Costa

Rica. J. Trop. Ecol. 28: 463—-48]1.

25

Association for Tropical Biology and Conservation



Page 27 of 53

oNOYTULT D WN =

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

BIOTROPICA

CoLE, R.J., K. D. HoLL, C. L. KEENE, AND R. A. ZAHAWI. 2001. Direct seeding of late-
successional trees to restore tropical montane forest. For. Ecol. Manag. 261: 1590-

1597.

CoNDIT, R., N. PITMAN, E. G. LEIGH, J. CHAVE, J. TERBORGH, R. B. FOSTER, P. NUNEZ,
S. AGUILAR, R. VALENCIA, G. VILLA, H. C. MULLER-LANDAU, E. LOSOS, AND S. P.

HUBBELL. 2002. Beta-diversity in tropical forest trees. Science 295: 666—669.

CORNEJO, X., S. A. MORI, R. AGUILAR, H. STEVENS, AND F. DOUWES. 2012.

Phytogeography of the trees of the Osa Peninsula, Costa Rica. Brittonia 64: 76—101.

CARNEIRO, F. S., A. M. SEBBENN, M. KANASHIRO, AND B. DEGEN. 2007. Low
interannual variation of mating system and gene flow of Symphonia globulifera in the

Brazilian Amazon. Biotropica 39: 628-636.

DE CACERES, M., P. LEGENDRE, R. VALENCIA, M. CAO, L. W. CHANG, G. CHUYONG, R.
CONDIT, Z. HAO, C. F. HSIEH, S. HUBBELL, D. KENFACK, K. MA, X. MI, M. N. S. NOOR,
A.R.KassiM, H. REN, S. H. Su, I. F. SUN, D. THOMAS, W. YE, AND F. HE. 2012. The
variation of tree beta diversity across a global network of forest plots. Global Ecol.

Biogeogr. 21: 1191-1202.

DRANSFYIELD, J. 1978. Growth forms of rain forest palms. /n: P. B. Tomlinson and M.
H. Zimmermann (Eds.). Tropical trees as living systems, pp. 247-268. Cambridge

University Press, New York.

DUQUE, A., J. CAVELIER, AND A. POSADA. 2003. Strategies of tree occupation at a local

scale in terra firme forests in the Colombian Amazon. Biotropica 35: 20-27.

26

Association for Tropical Biology and Conservation



oNOYTULT D WN =

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

BIOTROPICA Page 28 of 53

DUQUE, A., J. F. PHILLIPS, P. VON HILDEBRAND, C. A. POSADA, A. PRIETO, A. RUDAS,
M., SUESCUN AND P. STEVENON. 2009. Distance decay of tree species similarity in

protected areas on terra firme forests in Colombian Amazonia. Biotropica 41: 599-607.

FAUSET, S. ET AL. 2015. Hyperdominance in Amazonian forest carbon cycling. Nat.

Commun. 6: 6857.

GENTRY, A. H. 1988. Tree species richness of upper Amazonian forests. Proc. Natl.

Acad. Sci. USA 85: 156-159.

GILBERT, L. E., C. A. CHRISTEN, M. ALTRICHTER, J. T. LONGINO, P. M. SHERMAN, R.
PLOWES, M. B. SWARTZ, K. O. WINEMILLER, J. A. WEGHORST, A. VEGA, P. PHILLIPS, C.
VAUGHAN, AND M. KAPPELLE. 2016. The southern pacific lowland evergreen moist
forest of the Osa region. /n: M. Kappelle (Ed.). Costa Rican ecosystems, pp. 360—411.

The University of Chicago Press, Chicago.

GILL, G. E., R. T. FOWLER, AND S. A. MORI. 1998. Pollination biology of Symphonia

globulifera (Clusiaceae) in Central French Guiana. Biotropica 30: 139-144.

GILMAN, A. C., S. G. LETCHER, R. M. FINCHER, A. I. PEREZ, T. W. MADELL, A. L.
FINKELSTEIN, AND F. CORRALES-ARAYA. 2016. Recovery of floristic diversity and basal

area in natural forest regeneration and planted plots in a Costa Rican wet forest.

Biotropica 48: 498-508.

GUARIGUATA, M. R., R. L. CHAZDON, J. S. DENSLOW, J. M. DUPUY, AND L. ANDERSON.
1997. Structure and floristics of secondary and old-growth forest stands in lowland

Costa Rica. Plant Ecol. 132: 107-120.
HAMMEL, B. E. 1986. The vascular plant flora of La Selva Biological Station, Costa

Rica: Guttiferae. Selbyana 9: 203-217.

27

Association for Tropical Biology and Conservation



Page 29 of 53

oNOYTULT D WN =

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

BIOTROPICA

HArMS, K. E., R. CONDIT, S. P. HUBBELL, AND R. B. FOSTER. 2001. Habitat associations

of trees and shrubs in a 50-ha neotropical forest plot. J. Ecol. 91: 757-775.

HARTSHORN, G. S. 1983. Plants. /n: D. Janzen (Ed.). Costa Rican natural history, pp.

118-350. The University of Chicago Press, Chicago.

HEALEY, S. P., AND R. I. GARA. 2003. The effect of a teak (Tectona grandis) plantation
on the establishment of native species in an abandoned pasture in Costa Rica. For. Ecol.

Manag. 176: 497-507.

HUBBELL, S. P. 2001. The unified neutral theory of biodiversity and biogeography.

Princeton University Press, Princeton, New Jersey, USA.

HUBER, W. 2005. Tree diversity and biogeography of four one-hectare plots in the
lowland rainforest of the Piedras Blancas National Park (“Regenwald der

Osterreicher”), Costa Rica. PhD Dissertation, University of Wien.

JIMENEZ, Q. 2007. Myristicaceae. Manual de Plantas de Costa Rica Vol. 6
Dicotiledoneas (Haloragaceae-Phytolaccaceae). Monogr. Syst. Bot. Missouri Bot. Gard.

111: 684-691.
JosT, L. 2006. Entropy and diversity. Oikos 113: 363-375.

Jost, L. 2007. Partitioning diversity into independent alpha and beta components.

Ecology 88: 2427-2439.

JosT, L., A. CHAO, AND R. L. CHAZDON. 2001. Compositional similarity and 3 (beta)
diversity. In: A. E. Magurran and B. J. McGill (Eds.). Biological Diversity. Frontiers in

measurement and assessment, pp. 66—84. Oxford University Press.

28

Association for Tropical Biology and Conservation



oNOYTULT D WN =

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

BIOTROPICA

LEGENDRE, P., D. BORCARD, AND P. R. PERES-NETO. 2005. Analyzing beta diversity:
partitioning the spatial variation of community composition data. Ecol. Monogr. 75:

435-450.

LEGENDRE, P., X. M1, H. REN, K. MA, M. YU, L. F. SUN, AND F. HE. 2009. Partitioning

beta diversity in a subtropical broad-leaved forest of China. Ecology 90: 663—-674.

LEGENDRE, P., AND M. DE CACERES. 2013. Beta diversity as the variance of community

data: dissimilarity coefficients and partitioning. Ecol. Lett. 16: 951-63.

Li, L., R. Aguilar and A. Berkov. 2017. What shapes cerambycid beetle communities in
a tropical forest mosaic? Assessing the effects of host tree identity, forest structure, and

vertical stratification. Biotropica 49: 675-684

LIEBERMAN, M., D. LIEBERMAN, G. S. HARTSHORN, AND R. PERALTA. 1985. Small-scale

altitudinal variation in lowland wet tropical forest vegetation. J. Ecol. 73: 505-516.

LETCHER, S. G. AND R. L CHAZDON. 2009. Rapid recovery of biomass, species richness,
and species composition in a forest chronosequence in northeastern Costa Rica.

Biotropica 41: 608-617.

LOPEZ-MARTINEZ, J. O., J. L. HERNANDEZ-STEFANONI, J. M. DUPUY, AND J. A. MEAVE.
2013. Partitioning the variation of woody plant B-diversity in a landscape of secondary

tropical dry forests across spatial scales. J. Veg. Sci. 24: 33-45.

Losos, E. 1995. Habitat specifity of two palm species: experimental transplantation in

Amazonian successional forests. Ecology 76: 2595-2606.

LOUBRY, D. 1994. Determinisme du comportement phenologique des arbres en forét

tropical humide de Guyane frangaise (5"lat. N.). PhD Dissertation, University of Paris.

29

Association for Tropical Biology and Conservation

Page 30 of 53



Page 31 of 53

oNOYTULT D WN =

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

BIOTROPICA

MACIA, M. J. 2011. Spatial distribution and floristic composition of trees and lianas in

different forest types of an Amazonian rainforest. Plant Ecol. 212: 1159-1177.

MACIA, M. J., AND J. C. SVENNING. 2005. Oligarch dominance in western Amazonian

plant communities. J. Trop. Ecol. 21: 613-626.

MARCON, E., AND B. HERAULT. 2015. entropart: an R Package to measure and partition

diversity. J. Stat. Softw. 67: 1-26.

OLIVEIRA-FILHO A. T., N. CURL E. A. VILELA, AND D. A. CARVALHO. 1998. Effects of
canopy gaps, topography, and soils on the distribution of woody species in a central

brazilian deciduous dry forest. Biotropica 30: 362-375.

OKSANEN, J., F. G. BLANCHET, M. FRIENDLY, R. KINDT, P. LEGENDRE, D. MCGLINN, P.
MINCHIN, B. R. O’HARA, G. SIMPSON, P. SOLYMOS, H. STEVENS, E. SzOCS AND H.
WAGNER. 2017. vegan: Community Ecology Package. Ordination methods, diversity
analysis and other functions for community and vegetation ecologists. Version 2.4-4.

URL https://CRAN.R-project.org/package=vegan

PENA-CLAROS, M. 2013. Changes in forest structure and species composition during

secondary forest succession in the Bolivian Amazon. Biotropica 35: 450—461.

PITMAN, N. C. A., J. W. TERBORGH, M. R. SILMAN, AND V. P. NURNEZ. 1999. Tree species

distributions in an upper Amazonian forest. Ecology 80: 2651-2661.

PitMAN, N. C. A., J. W. TERBORGH, M. R. SILMAN, V. P. NUNEZz, D. A. NEILL, C. E.
CERON, W. A. PALACIOS, AND M. AULESTIA. 2001. Dominance and distribution of tree

species in upper Amazonian terra firme forests. Ecology 82: 2101-2117.

PITMAN, N. C.A., M. R. SILMAN, AND J. W. TERBORGH. 2013. Oligarchies in Amazonian

tree communities: a ten-year review. Ecography 36: 114—-123.

30

Association for Tropical Biology and Conservation



oNOYTULT D WN =

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

BIOTROPICA Page 32 of 53

PHILLIPS, O. L., P. NUNEZ, A. LORENZO-MONTEAGUDO, A. PENA-CRUZ, M. E. CHUSPE-
ZANS, W. GALIANO-SANCHEZ, M. YLI-HALLA, AND S. ROSE. 2003. Habitat association

among Amazonian tree species: a landscape-scale approach. J. Ecol. 91: 757-775.

PRADA, C. M., AND P. R. STEVENSON. 2016. Plant composition associated with
environmental gradients in tropical montane forests (Cueva de Los Guacharos National

Park, Huila, Colombia). Biotropica 48: 568-576.

Q1a0, X., Q. L1, Q. JIANG, J. LU, S. FRANKLIN, Z. TANG, Q. WANG, J. ZHANG, Z. LU, D.
BAO, Y. Guo, H. Liu, Y. XU, AND M. JIANG. 2015. Beta diversity determinants in

Badagongshan, a subtropical forest in central China. Sci. Rep. 5: 17043.

R DEVELOPMENT CORE TEAM. 2008. R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-

07-0, URL http://www.R-project.org

RUOKOLAINEN, K., AND J. VORMISTO. 2000. The most widespread Amazonian palms

tend to be tall and habitat generalists. Basic Appl. Ecol. 1: 97-108.

SANTO-SILVA, E. E., W. R. ALMEIDA, F. P. L. MELO, C. S. ZICKEL, AND M. TABARELLI.
2013. The nature of seedling assemblages in a fragmented tropical landscape:

implications for forest regeneration. Biotropica 45: 386-394.

SCARANO, F. R., K. T. RIBEIRO, L. F. D. DE MORAES, AND H. C. DE LIMA. 1997. Plant
establishment on flooded and unflooded patches of a freshwater swamp forest in

southeastern Brazil. J. Trop. Ecol. 13: 793-803.

SESNIE, S.E, B. FINEGAN, P. GESSLER, AND Z. RAMOS. 2009. Landscape-scale
environmental and floristic variation in Costa Rican old-growth rain forest remnants.

Biotropica 41: 16-26.

31

Association for Tropical Biology and Conservation



Page 33 of 53

oNOYTULT D WN =

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

BIOTROPICA

SLATYER, R.A., M. HIRST, AND J.P. SEXTON. 2013. Niche breadth predicts geographical

range size: a general ecological pattern. Ecol. Lett. 16: 1104—1114.

SVENNING, J. C. 1999. On the role of microenvironmental heterogeneity in the ecology

and diversification of neotropical rain-forest palms (Aracaceae). Bot. Rev. 67: 1-53.

SVENNING, J. C., D. A. KINNER, R. F. STALLARD, B. M. J. ENGELBRECHT, AND S. J.
WRIGHT. 2004. Ecological determinism in plant community structure across a tropical

forest landscape. Ecology 85: 2526-2538.

SWAINE, M. D. 1983. Stilt roots and ephemeral germination sites. Biotropica 15: 240.

TER STEEGE, H. ET AL. 2013. Hyperdominance in the Amazonian tree flora. Science 342:

1243092.

TuoMmisTo, H. 2010. A consistent terminology for quantifying species diversity? Yes, it

does exist. Oecologia 4: 853-860.

TuoMISTO, H., AND K. RUOKOLAINEN. 2006. Analyzing or explaining beta diversity?

Understanding the targets of different methods of analysis. Ecology 87: 2697-2708.

VAN ANDEL, T. R. 2003. Floristic composition and diversity of three swamp forests in

northwest Guyana. Plant Ecol. 167: 293-317.

VANDERMEER, J., . G. DE LA CERDA, AND D. BOUCHER. 1997. Contrasting growth rate
patterns in eighteen tree species from a post-hurricane forest in Nicaragua. Biotropica

29: 151-161.

VORMISTO, J., O. L. PHILLIPS, K. RUOKOLAINEN, H. TUOMISTO, AND R. VASQUEZ. 2000.
A comparison of fine-scale distribution patterns of four plant groups in an Amazonian

rainforest. Ecography 23: 349-359.

32

Association for Tropical Biology and Conservation



oNOYTULT D WN =

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

BIOTROPICA

VORMISTO, J., J. C. SVENNING, P. HALL, AND H. BALSLEV. 2004. Diversity and
dominance in palm (Arecaceae) communities in terra firme forests in the western

Amazon basin. J. Ecol. 92: 577-588.

WEBB, E. L. 1999. Growth ecology of Carapa nicaraguensis Aublet. (Meliaceae):

implications for natural forest management. Biotropica 31: 102—110.

WEBB, C. O., AND D. R. PEART. 2000. Habitat associations of trees and seedlings in a

Bornean rain forest. J. Ecol. 88: 464—478.

WEISSENHOFER, A. 2005. Structure and vegetation dynamics of four selected one
hectare forest plots in the lowland rain forests of the Piedras Blancas National Park
("Regenwald der Osterreicher"), Costa Rica, with notes on the vegetation diversity of

the Golfo Dulce region. PhD Dissertation, University of Wien.

WEISSENHOFER, A., AND W. HUBER. 2001. Basic geographical and climate features of
the Golfo Dulce region. /n A. Weber, W. Huber, A. Weissenhofer, N. Zamora and G.
Zimmermann (Eds). An Introductory Field Guide to the Flowering Plants of the Golfo
Dulce Rain Forests, Costa Rica, pp. 15-24. Linz, Austria: Oberosterreichisches Landes

Museum.

WEISSENHOFER, A., W. HUBER, N. ZAMORA, A. WEBER, AND J. GONZALEZ. 2001. A
brief outline of the flora and vegetation of the Golfo Dulce region. In A. Weber, W.
Huber, A. Weissenhofer, N. Zamora and G. Zimmermann (Eds.). An Introductory Field
Guide to the Flowering Plants of the Golfo Dulce Rain Forests, Costa Rica pp. 15-24.

Linz, Austria: Oberdsterreichisches Landes Museum.

WEISSENHOFER, A., W. HUBER, V. MAYER, S. PAMPERL, A. WEBER, AND G. AUBRECHT.
2008. Natural and cultural history of the Golfo Dulce region, Costa Rica. Stapfia 88:

768 pp.

33

Association for Tropical Biology and Conservation

Page 34 of 53



Page 35 of 53

oNOYTULT D WN =

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

BIOTROPICA

WHITTAKER, R. H. 1956. Vegetation of the Great Smoky Mountains. Ecol. Monogr. 26:

1-80.

WHITTAKER, R. H. 1960. Vegetation of the Siskiyou Mountains, Oregon and California.

Ecol. Monogr. 30: 279-338.

WILLIAMS, J. N., J. H. VIERS, AND M. W. SCHWART. 2010. Tropical dry forest trees and

the relationship between local abundance and geographic range. J. Biogeogr. 37: 951—

959.

WILLIAMS, J. N., I. TREJO, AND M. W. SCHWART. 2017. Commonness, rarity, and
oligarchies of woody plants in the tropical dry forests of Mexico. Biotropica 49: 493—

501.

Woob, T. E., D. LAWRENCE, AND J. A. WELLS. 2001. Inter-specific variation in foliar
nutrients and resorption of nine canopy-tree species in a secondary neotropical rain

forest. Biotropica 43: 544-551.

ZAMORA, N., B. E. HAMMEL, AND M. H. GRAYUM. 2004. Vegetation. /n B. E. Hammel,
M. H. Grayum, C. Herrera and N. Zamora (Eds.). Manual de Plantas de Costa Rica,

Vol. I, Introduccion, pp. 91-216. Monogr. Syst. Bot. Missouri Bot. Gard. 97.

34

Association for Tropical Biology and Conservation



oNOYTULT D WN =

BIOTROPICA

Page 36 of 53

789  TABLE 1. List of the 20 most abundant palm and tree species in the study region, SW

790  Costa Rica. Distribution of palms and trees was taken from Cornejo et al (2012) and

791  WwW.tropicos.org

792
Species Family Distribution % of n°of n°offorest n°of Mean density ha'+
trees sites types plots se (max. density)

Iriartea deltoidea Arecaceae Widespread in 6.97 4 4 16  40.15+ 8.84 (148)
Tropical America

Otoba novogranatensis ~ Myristicaceae Mesoamerica/ NW  2.51 5 4 18  14.45+3.39 (46)
South America

Compsoneura excelsa Myristicaceae Costa Rica/ 2.30 5 4 16  13.25+3.99 (60)
Panama

Tetrathylacium Salicaceae Widespread in 2.08 5 4 18  12.00+2.09 (36)

macrophyllum Tropical America

Symphonia globulifera  Clusiaceae Pantropical 1.97 5 4 18  11.35£2.01(24)

Carapa nicaraguensis ~ Meliaceae Mesoamerica/ NW  1.93 5 4 18  11.10+2.08 (32)
South America

Tapirira guianensis Anacardiaceaec ~ Widespread in 1.72 5 4 17 9.90+2.66 (41)
Tropical America

Apeiba tibourbou Malvaceae Widespread in 1.61 5 4 14 9.25+£3.95(76)
Tropical America

Castilla tunu Moraceae Mesoamerica/ NW  1.44 5 4 13 8.30+4.42 (85)
South America

Perebea hispidula Moraceae Mesoamerica 1.22 5 4 19  7.00+ 1.40 (24)

Vochysia ferruginea Vochysiaceae Widespread in 1.02 5 4 11 5.85+2.43 (39)
Tropical America

Socratea exorrhiza Arecaceae Widespread in 0.99 5 4 16 5.70+1.43 (24)
Tropical America

Brosimum guianense Moraceae Widespread in 0.96 5 4 20  5.55+0.87 (13)
Tropical America

Tetragastris Burseraceae Widespread in 0.92 5 4 14 5.30+1.86(31)

panamensis Tropical America

Sorocea pubivena Moraceae Widespread in 0.90 5 4 15 5.20+1.59 (27)
Tropical America

Brosimum lactescens Moraceae Widespread in 0.86 5 4 16 495+ 1.50 (23)
Tropical America

Cecropia insignis Urticaceae Mesoamerica/ NW  0.86 5 4 14 4.95+1.64(29)
South America

Chimarrhis parviflora ~ Rubiaceae Costa Rica/ 0.83 5 4 11 4.75+£1.45(21)
Panama

Virola sebifera Myristicaceae Widespread in 0.82 5 4 14 4.70+1.93 (33)
Tropical America

Chimarrhis latifolia Rubiaceae Mesoamerica 0.80 5 4 11 4.60+2.93 (45)

Pourouma bicolor Urticaceae Widespread in 0.80 5 4 11 4.60+3.23 (51)
Tropical America

Pleuranthodendron Salicaceae Mesoamerica/ NW  0.77 5 4 14 4.45+1.98 (35)

lindenii South America

Marila pluricostata Calophyllaceae  ~ Mesoamerica/ NW  0.68 4 4 11 390+ 1.18 (15)

South America
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Virola surinamensis Myristicaceae Widespread in 0.68 19  3.90+0.62 (10)
Tropical America
Lacmellea panamensis ~ Apocynaceae Mesoamerica/ NW  0.64 15 3.70+0.82 (14)
South America
Virola koschnyi Myristicaceae Mesoamerica/ NW  0.58 18  3.35£0.57 (9)
South America
Vochysia gentryi Vochysiaceae Mesoamerica/ NW  0.56 11 3.20+0.92 (10)
South America
793
794
795
796
797
798
799
800
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801 TABLE 2. Contribution of the top ten families to the number of trees, percentage of
802 tree individuals, number of genera and species, as well as number of oligarch and
803  common species. For reference, we also show the ranking of each family in the Amazon
804  basin according to ter Steege et al. (2013)
805
Family ter_Steeg et N° of % of N° of N° of N° of N° of
al. (2013) trees trees genera species  oligarch common
ranking species species
1. Arecaceae 2 1274 11.07 9 9 2 3
2. Moraceae 8 1004 8.72 12 25 5 7
3. Myristicaceae - 822 7.14 3 8 5 1
4. Malvaceae 5 722 6.27 15 26 1 5
5. Fabaceae 1 712 6.18 28 57 0 4
6. Euphorbiaceae 9 532 4.62 10 16 0 4
7. Clusiaceae - 481 4.17 6 14 1 5
8. Salicaceae - 410 3.56 5 13 2 0
9. Vochysiaceae - 408 3.54 2 5 2 2
10. Meliaceae - 396 3.44 23 30 0
806
807
808
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809 TABLE 3. Pairwise PERMANOVA tests of dissimilarity between forest types using

810  oligarch, common and rare and very rare species.

811
Species Groups t P(perm) Unique Dissimilarity (%)
permutations
Oligarch ridge/ ravine 1.882 0.043 998 48.63
ridge/ secondary 1.862 0.008 997 55.08
ridge/ slope 1.336 0.100 997 39.21
ravine/ secondary 0.930 0.591 999 44.77
ravine/ slope 1.146 0.227 999 37.67
secondary/ slope 1.650 0.011 997 49.56
Common ridge/ ravine 1.599 0.022 999 73.36
ridge/ secondary 2.156 0.012 999 81.54
ridge/ slope 0.652 0.903 999 56.05
ravine/ secondary 1.280 0.090 999 67.80
ravine/ slope 1.274 0.089 999 67.50
secondary/ slope 1.928 0.007 998 76.36
Rare and very rare ridge/ ravine 1.207 0.033 999 89.86
ridge/ secondary 1.304 0.009 998 94.09
ridge/ slope 0.846 0.872 998 82.91
ravine/ secondary 1.061 0.282 999 90.66
ravine/ slope 1.029 0.343 999 87.70
secondary/ slope 1.209 0.010 999 93.38
812
813
38
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814  Table 4. Variation partitioning analysis of community composition for all the species

815  groups. Two variables were considered: spatial (geographical position) and forest type.

816  Shared variation is the amount of explained variation by forest type that is spatially

817  structured. (a) All forest and (b) only primary forest types (excluding secondary).

818
Variation explained (%) All species Oligarch Common Rare/very
rare
(a) All forest types
Spatial 14.07 19.84 14.32 10.34
F 2.727 3.820 2.780 1.680
p(perm) 0.001 0.003 0.001 0.001
Forest 11.56 15.76 18.45 3.75
F 2.103 2.970 2.464 1.120
p(perm) 0.001 0.001 0.030 0.215
Shared 4.83 7.08 5.64 2.90
Residual 69.54 57.32 61.59 83.01
(b) Only primary forests
Spatial 16.28 19.15 17.49 13.00
F 2.534 3.820 2.650 1.680
p(perm) 0.001 0.001 0.002 0.003
Forest 5.67 16.15 7.52 1.04
F 1.780 2.940 1.726 1.126
p(perm) 0.017 0.003 0.04 0.195
Shared 4.81 8.33 5.30 2.98
Residual 73.23 56.37 69.68 82.98
819
820
821
39
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FIGURE LEGENDS

FIGURE 1. Locations of the five study sites (La Gamba, Riyito, Agua Buena de
Rincon, Rancho Quemado and Piro) in in southeastern Costa Rica (Golfo Dulce region).

In each site, one permanent plot per forest type was positioned.

FIGURE 2. Proportions of abundance by forest type and site. A) Proportions of stems
in each forest type belonging to species that are oligarch, local dominant, or neither. B)
Proportions of stems in each forest type belonging to species that are oligarch, local
dominant, or neither. Integers show the number of species in each compartment. Local
dominants (oligarch or not) are species that contributed to the accumulated 50 percent
of individuals encountered at that forest type or site. Oligarch are species that
contributed to the accumulated 50 percent of individual in all plots, and at least were

present in half of the plots.

FIGURE 3. Canonical Analysis of Principal Coordinates (CAP) showing the distances
between the centroids of each forest type using the abundance data of all identified
species. Striped lines of the ellipsoids indicate confidence interval limits at 95% of the
centroids. Continuous lines of the ellipsoids indicate standard errors of the centroids.
Dots indicate sampled plots. Site codes: AB (Agua Buena); LG (La Gamba); PR (Piro);

RQ (Rancho Quemado); RY (Riyito)

40

Association for Tropical Biology and Conservation



oNOYTULT D WN =

844

845

846

847

848

849

850

BIOTROPICA Page 42 of 53

FIGURE 4. Profile of the diversity Dg showing the changes in beta diversity as order ¢
increases using oligarch species. The q order of diversity indicates the sensitivity of the
community diversity to common and rare species. For g= 1, each species is exactly
weighted by its proportional abundance All values of ¢ less than unity give diversities
that favor rare species, while all values of g greater than unity favor the most common

species.
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SUPPORTING INFORMATION

Table S1. Similarity percentage analyses (SIMPER) between pair of forest types

BIOTROPICA

showing the average abundance (Aver.Abund)) and dissimilarity (Aver.Disss) of each

species in each forest type. Species where ordered from the species with the highest

contribution to the dissimilarity between forest types to the species with the lowest

contribution. Diss/SD was calculated as the ratio between average dissimilarity and

standard deviation. Contrib% indicates percentage the contribution of each species to

the total dissimilarity between forest types.

Groups Ridge vs Ravine
Average dissimilarity = 48.63

Group Group
RIDGE RAVINE

Species ~ Aver.Abund Aver.Abund Aver.Diss Diss/SD Contrib% Cum.%

Iri_del 3.49 6.39 3.82 1.5 7.86 7.86

Com_exc 4.48 0.99 3.07 1.55 6.31 14.17
Oto_nov 1.84 4.61 2.8 1.58 5.77 19.94
Voch_fer 2.74 0.57 2.3 1.09 4.72 24.66
Tet mac 1.29 3.69 2.13 1.8 4.38 29.04
Pou bic 2.63 0.28 2.12 1.04 4.35 33.39
Ple lin 0.68 2.31 2.03 1.05 4.17 37.56

Chi_par 0.45 2.66 2.02 2.07 4.16 41.73
Tap_gui 35 1.93 1.99 1.66 4.09 45.82
Sor_pub 0.35 2.48 1.91 1.49 3.93 49.75
Sym_glo 4.43 2.51 1.91 1.85 3.92 53.67
Tet pan 2.33 1.57 1.87 1.21 3.85 57.51
Ape_tib 0.45 2.38 1.82 1.96 3.73 61.25
Bro_lac 2.57 1.54 1.74 1.42 3.57 64.82
Vir_seb 1.88 1.84 1.58 1.34 3.25 68.07
Soc_exo 2.96 2.26 1.55 1.56 3.18 71.25
Car_nic 3.07 2.93 1.54 1.45 3.16 74.41
Cas_tun 0.85 1.38 1.5 1.29 3.09 77.49
Per_his 3.17 2.2 1.38 1.32 2.85 80.34
Mar plu 1.51 1.46 1.38 1.29 2.83 83.17
Voc _gen 1.84 0.75 1.37 1.3 2.81 85.99
Cec _ins 0.69 1.79 1.36 1.31 2.81 88.8
Lac_pan 2.2 1.37 1.35 1.43 2.78 91.58
Chi_lat 1.2 0.95 1.23 1.1 2.52 94.1
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Bro gui 2.87 1.89 1.12 1.44 2.3 96.4
Vir_kos 1.28 1.98 1.04 1.61 2.13 98.53
Vir_sur 1.73 2.19 0.71 1.36 1.47 100
Groups Rigde vs Secondary
Average dissimilarity = 55.08
Group Group
RIDGE SECONDA
RY
Species Aver.Abund Aver.Abund Aver.Diss Diss/SD Contrib% Cum.%
Ape _tib 0.45 4.76 4.25 1.8 7.71 7.71
Com_exc 4.48 0.68 3.69 1.86 6.7 14.42
Sym glo 4.43 0.89 3.54 3.64 6.42 20.84
Iri_del 3.49 3.3 291 1.44 5.28 26.11
Cas_tun 0.85 2.59 2.69 0.93 4.88 30.99
Tet mac 1.29 3.94 2.67 1.56 4.84 35.83
Voch_fer 2.74 1.77 2.57 1.23 4.67 40.51
Tap_gui 3.5 2.02 2.38 1.48 4.32 44.83
Pou_bic 2.63 0.79 2.16 0.98 3.92 48.76
Car_nic 3.07 2.57 2.08 1.79 3.78 52.53
Soc_exo 2.96 0.98 2.04 1.51 3.7 56.24
Tet pan 2.33 0.48 2.03 1.17 3.68 59.92
Oto_nov 1.84 2.2 1.98 1.3 3.6 63.52
Lac_pan 2.2 0.4 1.96 1.55 3.56 67.08
Cec ins 0.69 2.08 1.94 1.07 3.52 70.59
Bro_lac 2.57 0.8 1.77 1.33 3.22 73.81
Voc_gen 1.84 1.12 1.63 1.39 2.96 76.77
Per_his 3.17 1.88 1.62 1.32 2.93 79.7
Mar plu 1.51 0.2 1.5 1.16 2.71 82.42
Vir_seb 1.88 1.35 1.45 1.53 2.63 85.05
Chi_par 0.45 1.32 1.36 0.85 2.48 87.52
Bro_gui 2.87 1.64 1.36 2.02 2.47 89.99
Ple_lin 0.68 1.51 1.32 1.29 2.39 92.39
Sor_pub 0.35 1.31 1.17 1.45 2.13 94.51
Chi_lat 1.2 0.69 1.11 1.2 2.01 96.53
Vir_kos 1.28 1.83 1.08 1.39 1.95 98.48
Vir_sur 1.73 1.33 0.84 1.3 1.52 100
Groups Ravine vs Secondary
Average dissimilarity = 44.77
Group Group
RAVINE SECONDA
RY
Species Aver.Abund Aver.Abund Aver.Diss Diss/SD Contrib% Cum.%
Iri_del 6.39 33 4.32 1.81 9.66 9.66
Oto_nov 4.61 2.2 2.99 1.41 6.67 16.33
Ape _tib 2.38 4.76 2.61 1.22 5.83 22.16
Cas_tun 1.38 2.59 2.26 0.83 5.06 27.22
Ple_lin 2.31 1.51 2.16 1.16 4.83 32.05

a7
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1

§ Chi_par 2.66 1.32 2.16 2 4.83 36.88
4 Tap_gui 1.93 2.02 2.03 1.32 4.52 41.41
5 Cec_ins 1.79 2.08 1.98 1.38 4.41 45.82
6 Vir_seb 1.84 1.35 1.88 1.13 4.19 50.01
; Soc_exo 2.26 0.98 1.78 1.34 3.97 53.98
9 Voch_fer 0.57 1.77 1.73 0.95 3.87 57.85
10 Sym_glo 2.51 0.89 1.7 1.25 3.8 61.64
1 Car_nic 2.93 2.57 1.56 1.24 3.48 65.13
12 Tet_pan 1.57 0.48 1.4 0.88 3.13 68.26
13 Mar plu 1.46 0.2 1.37 1.07 3.07 71.33
1‘5‘ Bro_lac 1.54 0.8 1.34 1.18 2.9 74.32
16 Sor_pub 2.48 1.31 1.33 1.01 2.96 77.28
17 Chi_lat 0.95 0.69 1.26 0.88 2.81 80.09
18 Voc_gen 0.75 1.12 1.26 1.05 2.8 82.89
19 Per his 2.2 1.88 1.24 1.42 2.76 85.65
20 Tet_mac 3.69 3.94 1.13 1.25 2.53 88.18
. Lac_pan 1.37 0.4 1.12 1.39 2.5 90.68
% Vir_sur 2.19 1.33 1.02 1.35 2.27 92.95
24 Com_exc 0.99 0.68 0.86 1.36 1.93 94.88
25 Pou_bic 0.28 0.79 0.85 0.92 1.9 96.78
26 Bro_gui 1.89 1.64 0.79 1.37 1.77 98.54
27 Vir_kos 1.98 1.83 0.65 1.07 1.46 100
;S Groups Ridge vs Slope

30 Average dissimilarity = 39.31

31 Group Group

32 RIDGE SLOPE

33 Species Aver.Abund Aver.Abund Aver.Diss Diss/SD Contrib% Cum.%
34 Iri_del 3.49 7.58 4.44 1.7 11.32 11.32
35 Sor_pub 0.35 3 2.17 2.46 5.54 16.86
g? Oto_nov 1.84 4.11 2.06 1.49 5.25 22.12
38 Voch_fer 2.74 1 2.05 1.19 5.23 27.34
39 Tet_mac 1.29 3.56 1.92 1.62 4.9 32.24
40 Cas_tun 0.85 2.2 1.87 1.19 4.77 37.01
41 Com_exc 4.48 4.87 1.77 1.5 4.51 41.52
42 Chi_lat 1.2 2.23 1.76 1.01 4.48 46
jj Pou_bic 2.63 1.53 1.74 1.1 4.43 50.43
P Tap_gui 3.5 2.77 1.56 1.15 3.98 54.41
46 Car_nic 3.07 3.15 1.48 1.11 3.77 58.18
47 Mar plu 1.51 2.28 1.34 1.37 3.43 61.61
48 Cec_ins 0.69 2.21 1.29 1.63 3.29 64.89
49 Soc_exo 2.96 1.65 1.26 1.38 3.2 68.1
g? Chi_par 0.45 1.6 1.23 1.09 3.14 71.23
- Voc_gen 1.84 1.29 1.22 1.4 3.12 74.35
=3 Tet_pan 2.33 2.37 1.22 1.26 3.12 77.47
54 Bro_lac 2.57 2.05 1.19 1.38 3.03 80.5
55 Per his 3.17 2.31 1.09 1.38 2.78 83.28
gg Vir_seb 1.88 1.23 1.05 1.31 2.67 85.95
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Lac_pan 2.2 2.24 0.96 1.55 2.45 88.4
Ple_lin 0.68 1.6 0.93 1.55 2.38 90.78
Vir_kos 1.28 1.41 0.87 1.28 2.23 93.01
Bro_gui 2.87 2.39 0.77 1.45 1.96 94.97
Ape tib 0.45 0.88 0.77 1.2 1.96 96.93
Vir_sur 1.73 2.02 0.66 1.37 1.69 98.62
Sym_glo 4.43 3.99 0.54 1.42 1.38 100

Groups Ravine vs Slope
Average dissimilarity = 37.67

Group Group
RAVINE SLOPE

Species Aver.Abund Aver.Abund Aver.Diss Diss/SD Contrib% Cum.%
Iri_del 3.49 7.58 4.44 1.7 11.32 11.32
Sor_pub 0.35 3 2.17 2.46 5.54 16.86
Oto_nov 1.84 4.11 2.06 1.49 5.25 22.12
Voch_fer 2.74 1 2.05 1.19 5.23 27.34
Tet mac 1.29 3.56 1.92 1.62 4.9 32.24
Cas_tun 0.85 2.2 1.87 1.19 4.77 37.01
Com_exc 4.48 4.87 1.77 1.5 4.51 41.52
Chi_lat 1.2 2.23 1.76 1.01 4.48 46

Pou_bic 2.63 1.53 1.74 1.1 4.43 50.43
Tap_gui 3.5 2.77 1.56 1.15 3.98 54.41
Car nic 3.07 3.15 1.48 1.11 3.77 58.18
Mar plu 1.51 2.28 1.34 1.37 3.43 61.61
Cec ins 0.69 2.21 1.29 1.63 3.29 64.89
Soc_exo 2.96 1.65 1.26 1.38 3.2 68.1

Chi_par 0.45 1.6 1.23 1.09 3.14 71.23
Voc _gen 1.84 1.29 1.22 1.4 3.12 74.35
Tet pan 2.33 2.37 1.22 1.26 3.12 77.47
Bro lac 2.57 2.05 1.19 1.38 3.03 80.5

Per_his 3.17 2.31 1.09 1.38 2.78 83.28
Vir_seb 1.88 1.23 1.05 1.31 2.67 85.95
Lac_pan 2.2 2.24 0.96 1.55 2.45 88.4

Ple_lin 0.68 1.6 0.93 1.55 2.38 90.78
Vir_kos 1.28 1.41 0.87 1.28 2.23 93.01
Bro gui 2.87 2.39 0.77 1.45 1.96 94.97
Ape _tib 0.45 0.88 0.77 1.2 1.96 96.93
Vir_sur 1.73 2.02 0.66 1.37 1.69 98.62
Sym glo 4.43 3.99 0.54 1.42 1.38 100

Groups Secondary vs Slope
Average dissimilarity = 49.56

Group Group
SECONDA SLOPE
RY
Species Aver.Abund Aver.Abund  Aver.Diss Diss/SD Contrib% Cum.%
Iri_del 33 7.58 4.95 1.95 9.99 9.99
Com_exc 0.68 4.87 3.8 2.36 7.66 17.66
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Ape tib 4.76 0.88 3.43 1.59 6.91 24.57
Sym_glo 0.89 3.99 2.79 2.94 5.64 30.21
Cas_tun 2.59 2.2 2.45 1.02 4.95 35.16
Oto_nov 2.2 4.11 2.37 1.73 4.79 39.95
Tap_gui 2.02 2.77 2.08 1.3 4.2 44.15
Chi_lat 0.69 2.23 1.99 0.94 4.02 48.17
Car_nic 2.57 3.15 1.93 1.96 3.9 52.07
Mar plu 0.2 2.28 1.93 1.63 3.89 55.96
Tet pan 0.48 2.37 1.72 2.02 3.47 59.43
Voch_fer 1.77 1 1.67 1.08 3.36 62.79
Lac_pan 0.4 2.24 1.67 2.57 3.36 66.16
Cec_ins 2.08 2.21 1.61 1.58 3.25 69.4
Chi_par 1.32 1.6 1.61 1.19 3.24 72.64
Sor_pub 1.31 3 1.56 1.76 3.14 75.78
Bro lac 0.8 2.05 1.43 1.6 2.88 78.67
Voc_gen 1.12 1.29 1.29 1.24 2.61 81.28
Vir_seb 1.35 1.23 1.28 1.26 2.58 83.86
Pou_bic 0.79 1.53 1.28 1.15 2.57 86.44
Tet mac 3.94 3.56 1.24 1.26 2.5 88.93
Soc_exo 0.98 1.65 1.02 1.23 2.05 90.98
Ple lin 1.51 1.6 0.96 1.46 1.93 92.91
Vir_sur 1.33 2.02 0.9 1.31 1.81 94.72
Per his 1.88 2.31 0.89 1.17 1.79 96.51
Vir kos 1.83 1.41 0.87 1.33 1.76 98.27
Bro gui 1.64 2.39 0.86 1.31 1.73 100
50
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891  Table S2. Top 30 species in each forest type (O: oligarch/ C: common/ R: rare; total

892  number of individuals)

893

Ridge Primary Forest

Slope Primary Forest

Ravine Primary Forest

Secondary Forest

Welfia regia (C; 131)

Iriartea deltoidea (O; 369)

Iriartea deltoidea (O; 258)

Goethalsia meiantha (C;
218)

Compsoneura excelsa (O;
122)

Compsoneura excelsa (O;
130)

Otoba novogranatensis (O;
123)

Apeiba tibourbou (O; 141)

Mabea occidentalis (C; 100)

Otoba novogranatensis (O;
95)

Tetrathylacium
macrophyllum (O; 71)

Hieronyma alchorneoides
(G;91)

Symphonia globulifera (O;
99)

Symphonia globulifera (O;
81)

Welfia regia (C; 55)

Castilla tunu (O; 90)

Iriartea deltoidea (O; 95)

Welfia regia (C; 78)

Pleuranthodendron lindenii
O,51)

Alchornea costaricensis (C;
88)

Qualea paraensis (C; 86)

Tetrathylacium
macrophyllum (O; 70)

Carapa nicaraguensis (O;
50)

Tetrathylacium
macrophyllum (O; 85)

Tapirira guianensis (O; 72)

Carapa nicaraguensis (O;
64)

Goethalsia meiantha (C; 48)

Iriartea deltoidea (O; 81)

Vochysia ferruginea (O; 64)

Chimarrhis latifolia (O; 58)

Sorocea pubivena (O; 41)

Spondias radlkoferi (C; 81)

Carapa nicaraguensis
(0:62)

Tapirira guianensis (O; 56)

Symphonia globulifera (O;
40)

Gmelina arborea (R; 67)

Pourouma bicolor (O; 61)

Mabea occidentalis (C;56)

Socratea exorrhiza (O; 40)

Guatteria chiriquiensis (C;
51)

Perebea hispidula (O; 58)

Sorocea pubivena (O; 49)

Chimarrhis parviflora (O;
40)

Carapa nicaraguensis (O;
46)

Marila laxiflora (C; 56)

Qualea paraensis (C; 45)

Virola sebifera (O; 39)

Miconia trinervia (C; 44)

Pausandra trianae (C; 52)

Castilla tunu (O; 43)

Calatola costaricensis (C;
36)

Otoba novogranatensis (O;
43)

Socratea exorrhiza (O; 48)

Marila pluricostata (O; 35)

Eschweilera biflava (C; 35)

Luehea seemannii (C; 43)

Brosimum guianense (O,
44)

Pausandra trianae (C; 33)

Apeiba tibourbou (O; 32)

Cecropia insignis (O; 42)

Tetragastris panamensis (O;
44)

Brosimum guianense (O,
31)

Cleidion castaneifolium (C;
31)

Tapirira guianensis (O; 40)

Brosimum lactescens (O;
41)

Tetragastris panamensis (O,
30)

Tapirira guianensis (O; 30)

Ficus tonduzii (C; 40)

Lacmellea panamensis (O;
33)

Perebea hispidula (O; 29)

Perebea hispidula (O; 30)

Hampea appendiculata (C;
39)

Guarea pterorhachis (C; 32)

Brosimum lactescens (O;
29)

Chrysochlamys glauca (C;
30)

Vochysia ferruginea (O; 36)

Euterpe precatoria (C; 30)

Cecropia insignis (O; 26)

Ocotea rivularis (C; 30)

Platymiscium curuense (C;
3D

Otoba novogranatensis (O;
28)

Lacmellea panamensis (O;
26)

Tetragastris panamensis (O;
29)

Inga oerstediana (C; 30)

Calophyllum brasiliense (C;
28)

Chimarrhis parviflora (O;
25)

Brosimum utile (C; 28)

Jacaranda copaia (C; 28)

Vochysia gentryi (O; 25)

Batocarpus costaricensis
(G; 24)

Virola surinamensis (O; 26)

Chimarrhis parviflora (O;
25)

Virola sebifera (O; 21)

Marila laxiflora (C; 23)

Brosimum lactescens (O;
25)

Terminalia amazonia (C;
25)

Marila pluricostata (O; 21)

Virola surinamensis (O; 23)

Cecropia insignis (O; 25)

Trattinnickia aspera (C; 24)

Association for Tropical Biology and Conservation

51




Page 53 of 53

oNOYTULT D WN =

BIOTROPICA

Cassipourea elliptica (C;
21)

Guarea pterorhachis (C; 23)

Peltogyne purpurea (C; 23)

Perebea hispidula (O; 23)

Garcinia madruno (C; 20)

Pourouma bicolor (O; 21)

Cryosophila guagara (C,;
23)

Vochysia allenii (C; 23)

Calophyllum longifolium (C;
20)

Protium pecuniosum (C; 20)

Brosimum guianense (O;
21)

Terminalia oblonga (C; 22)

Castilla tunu (O; 18)

Aspidosperma spruceanum
(G; 20)

Marila pluricostata (O; 21)

Virola sebifera (O; 19)

Aspidosperma spruceanum
(G 18)

Protium glabrum (C; 19)

Virola koschnyi (O; 21)

Virola koschnyi (O; 19)
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